covered that pseudouridylation could be induced by stress [2] . The replacement of multiple U sites with Ψ in synthetic RNA molecules results in an increased protein expression level [6] , while artificially incorporated Ψ in mRNAs mediates nonsense-to-sense codon conversion (recoding) by facilitating unusual base pairing in the ribosome decoding center, thus demonstrating a new means of generating protein diversity [7] .
With the recent advances in the studies of dynamic RNA modifications in post-transcriptional gene expression regulation, pseudouridine comes back to the forefront. RNA modifications have been previously thought to be static, discrete, and utilized to fine-tune RNA structure and function. Yet the emerging studies showed that N 6 -methyladenosine (m 6 A) in mRNA and certain non-coding RNA (ncRNA) is reversible [8] . This abundant and dynamic mRNA modification codes additional regulatory information on top of the primary sequence [9] [10] [11] . However, unlike m 6 A which is reversible, the conversion from U to Ψ is almost certainly irreversible as the C-N glycosidic bond of U is isomerized to a much more inert C-C bond in Ψ ( Figure 1A ). The irreversibility of this modification suggests distinct roles of Ψ in response to stimuli or stresses.
In the recent two papers, Carlile et al. [3] and Schwartz et al. [4] each reported a transcriptome-wide sequencing approach for mapping Ψ at single-base resolution. They both took advantage of the known reaction between Ψ and Ncyclohexyl-N'-(2-morpholinoethyl)carbodiimide metho-p-toluenesulphonate (CMC) to form N3-CMC-Ψ ( Figure  1B) . CMC is known to selectively modify Ψ and the formed N3-CMC-Ψ is known to block reverse transcription [12] . In the work of Carlile et al. [3] , researchers developed Pseudo-seq by labeling Ψ in uniformly fragmented RNA by CMC, followed by reverse transcription and size selection for truncated cDNAs, which correspond to sequences from 3′ end to one nucleotide downstream of the modified Ψ sites. Subsequent circularization, amplification and deep sequencing revealed Ψ sites in both mRNA and ncRNA molecules. About 260 Ψ sites in 238 protein-coding transcripts in yeast and 96 Ψ sites in 89 mRNAs in human were identified. They also investigated pseudouridylation under various growth states and found that a subset of Ψ sites in mRNA and ncRNA are differentially modified, suggesting a pseudouridylation response to environmental cues. Through genetic perturbation of PUS genes, they further revealed that Pus1, Pus2, Pus4 and Pus7 are involved in mRNA pseudouridylation. Schwartz et al. [4] used a similar strategy to develop Ψ-seq, but with a focus on quantitative measurement. Instead of performing size selection, they relied on computational method to minimize background and determine the high-confidence Ψ sites, while the addition of synthetic spike-in probes facilities the quantification of the relative stoichiometry. Similarly, they reported 328 unique Ψ sites in yeast mRNAs and ncRNAs. 108 of these sites were found to be associated with their writer PUS and/or snoRNA through genetic perturbation experiments. They also determined the consensus sequence of each Ψ site recognized by cognate PUS, and showed the changes of pseudouridylation patterns under different growth conditions. The researchers convincingly demonstrated the dramatic induction of pseudouridylation in both mRNA and ncRNA upon heat shock in yeast, and suggested a mechanism involving relocalization of one of the pseudouridine synthases, Pus7p, upon heat shock stimuli. By performing Ψ-seq on patient samples with dyskeratosis congenita, a congenital disorder with mutations in the protein subunits (such as dyskerin) of box H/ACA ribonucleoprotein (RNP), they reported a subtle yet noticeable decrease in the Ψ level in rRNAs and at one highly conserved site on telomerase RNA component (TERC) in the patient cells; the TERC Ψ could be important for the stabilization of TERC. This result suggests a potential molecular mechanism of the disease whereby mutations of DKC1/dyskerin disrupt its functions as a protein subunit of H/ACA RNP and as a PUS itself.
These two works suggest new roles for RNA pseudouridylation: this modification not only exists ubiquitously in both mRNAs and various ncRNAs but also is dynamically regulated by environment cues, adding a potential new mechanism for the regulation of mRNA fate. As RNA secondary structure is closely related to multiple aspects of mRNA metabolism and function, it is possible that pseudouridylation induces structural changes and thus affects functions. Besides its function in mediating nonsense-to-sense codon conversion by ribosomes [7] , pseudouridylation could also introduce post-transcriptional genetic recoding, thus diversifying the proteome. These studies have also suggested connections between RNA pseudouridylation and multiple human diseases. A robust tool to evaluate global Ψ dynamics and changes can contribute to revealing the underlying mechanisms.
Both studies take advantage of the CMC-based modification chemistry that is selective to Ψ [12] ; however, the modified CMC-Ψ could serve as a target for developing more effective sequencing methods. The modified CMC-Ψ could be enriched using specific antibodies or through chemical means. Besides reverse transcription, other enzymatic reactions could also be employed to achieve more sensitive detection.
Collectively, the papers by Carlile et al. [3] and Schwartz et al. [4] provide the first global detections of Ψ, and suggest potential regulatory functions of this modification in mRNA. Future research will focus on functional roles of Ψ, either through changing the RNA structure or recoding during translation. Identification and characterization of potential readers could be critical for further understanding of the biological functions of RNA pseudouridylation.
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Figure 1 (A)
The installation and functional roles of Ψ. Ψ is installed through either snoRNA-dependent (requires H/ACA RNP) or -independent mechanism (requires PUS family enzymes). Ψ can either change the RNA secondary structure or facilitate recoding during translation. Red codon: stop codon. RF: releasing factor. (B) A CMC labeling-based Ψ-sequencing strategy at single-base resolution. CMC selectively reacts with Ψ to form N3-CMC-Ψ, which blocks reverse transcription, thus enabling the identification of transcriptome-wide Ψ positions through deep sequencing.
